Abstract. Because of growing concern about estrogenic compounds in animal wastes
Introduction
17β-estradiol is a highly potent estrogen that occurs in a broad variety of organisms. Target cells react to estrogens because these cells contain specific estrogen-responding proteins (McLachlan and Arnold, 1996) . One such target cell is the hepatocyte in fish, which produces vitellogenin. Vitellogenin, a major component of fish egg yolk, is used as a food source for the growing fish embryo and is normally only found in female fish. 17β-estradiol is the primary hormone that stimulates vitellogenin production, and the reproductive target cells are the reason male fish exposed to environmental estrogens produce vitellogenin (Jobling and Sumpter, 1993) .
Sufficiently high concentrations of environmental estrogens can cause feminization of male fish. Fishermen first discovered hermaphroditic fish in the lagoons of a sewage treatment plant (Purdom et al., 1994) . It is possible for a fish to have a complete sex reversal when exposed to environmental estrogens. Nakamura (1984) found that mastu salmon (Oncorhynchus mastou) had a sex distribution of 84-100% female when exposed to 17β-estradiol in concentrations of 250 -5000 ng/L; control tanks in this experiment had only 49% females. 17β-estradiol at a concentration of 100 ng/L has been found to cause vitellogenin production in male trout (Routledge et al., 1998) , and was therefore considered a threshold level of biological significance in this work.
17β-estradiol not only feminizes fish, but may cause problems in dairy heifers as well. Heifers fed a diet with poultry litter, which is high in 17β-estradiol and other environmental estrogens (>300 ng/g), have been diagnosed with premature udder development . The effect of environmental estrogens on humans is unclear, but it has been suggested that declining male sperm counts and female breast cancer are linked to environmental estrogens (Colborn, 1995; Bradlow et al., 1995) .
It is believed that 17β-estradiol may change forms into estrone over the course of a few days (Routledge et al., 1998 , Belfroid et al., 1999 . found that after a period of no more than 3 h, 95% of unconjugated 17β-estradiol was gone, but estrone values had increased by 95% of the initial 17β-estradiol concentration. reported that after 6 months of silaging chicken manure, the concentration of estrogen did not decrease. Nichols et al. (1997) reported significant levels of 17β-estradiol (ca. 1000 ng/L) in runoff from plots receiving poultry litter, with the compound persisting for at least 7 d. In a later study, they determined runoff concentrations of 17β-estradiol are significantly reduced by fescue grass filter strips (Nichols et al., 1998) .
Little work has been reported on the potential of water contamination with 17β-estradiol from dairy manure. Since dairy manure is typically land applied to agricultural fields, and since pregnant animals excrete elevated levels of estrogen, the amount of 17β-estradiol in field runoff may be environmentally significant. The goals of this study were to 1) determine the concentration of 17β-estradiol in runoff from established agricultural plots that had historically received dairy manure, and 2) to determine the impact of dairy manure application rate 17β-estradiol concentration in runoff, and 3) examine the persistence of 17β-estradiol over several runoff events following the application of dairy manure to a field.
Materials and Methods
Nine plots were selected from 15 existing plots at the University of Tennessee Dairy Experiment Station in Lewisburg, TN. The experiment station houses approximately 175 lactating Jersey cattle. Plot selection was based on current lysimeter quality, since lysimeter data was taken from these plots for a related project. Each of the nine 6 x 12 m plots was refurbished prior to the manure application. Six-inch soil berms sown in bermuda grass were established around each plot to prevent excess runoff water from entering the plot area. Each plot had a slope of approximately 2%. The soil at the site was an Armour silt loam (fine-silty, mixed, active, thermic Ultic Hapludalf).
A flow dividing bucket system was used for runoff collection (D. Yoder, personal communication, Knoxville, TN, July 2001). To install this system, a sump hole was dug at the bottom of each plot. The runoff water flowed from the plot, into a black plastic funnel, to a PVC pipe, and into the first of three collection buckets located in the sump. The first bucket had a flow divider on the top so that after 18.9 L of water were collected, 1/24 of the rest of the runoff went into the second bucket. This bucket also had a flow divider on the top so that when 18.9 L were collected in the second bucket, 1/24 of the remaining rainfall flowed into the final bucket. The maximum runoff measurement capacity of the system was 11,400 L.
Before manure was applied to the plots, tests were run to determine which manure had the highest levels of 17β-estradiol. The areas tested were the holding pond, the sump, separated manure solids, and liquid separated manure. Results of this test suggested that the separated manure liquid had the highest levels of 17β-estradiol (ca. 15,000 ng/L), but there was not enough manure produced by the screw press to apply separated liquid manure to the plots. We chose to use the manure from the sump because the supply was plentiful and it had relatively high 17β-estradiol (ca. 10,000 ng/L).
Manure containing 17β-estradiol at concentrations of 3300 ± 700 ng/L was applied to the plots as indicated in Table 1 . A winter wheat cropping system was assumed when determining the appropriate N and P application rates. After each significant rainfall event (defined as more than 1.3 cm in 24 h), a 250-mL grab sample was taken from the first runoff collection bucket at each of the nine plots. Grab samples were collected in a 500-mL bottle; immediately after sampling, 1.0 mL of 4 N H 2 SO 4 was added to each sample because previous work in our lab has demonstrated that acidifying samples is critical to preservation of 17β-estradiol. Samples were then stored on ice for transport back to the lab, and were stored at 4°C in the lab until assay. Data from six significant rainfall events were collected during the study.
At the start of the assay procedure, 1 drop of 6 N NaOH and 5 mL of ether were added to a 30-mL aliquot of acidified sample. This mixture was shaken on a horizontal shaker for 2 h, and centrifuged for 10 min to separate the ether layer. A 1.0-mL aliquot of ether was pulled and evaporated with N 2 gas; the residue was then stored at -10 °C. Residues were resuspended in 100 µL of ethanol, vortexed, combined with 500 µL of assay buffer, and vortexed again.
Samples were then analyzed for 17β-estradiol with an enzyme linked immunosorbent assay (ELISA) kit (Assay design Inc., Ann Arbor, MI). ELISA standards were run using the same 1:5 ethanol : assay buffer ratio. Standard concentrations were 9.6 to 30,000 ng/L 17β-estradiol; however, since samples were concentrated by a factor of 6, we effectively ran standards at 1.6 -5000 ng/L. Data analysis was performed on Excel (Microsoft, 1997) and SAS (1999, SAS Institute, Carey NC), with statistical significance taken as α = 0.05.
Results
Runoff concentrations of 17β-estradiol ranged from below detection limits (BDL) to 62 ng/L, and were therefore always below the 100 ng/L concentration that appears to be environmentally significant. Runoff from control plots stayed below 2.2 ng/L, suggesting that historically-manured fields do not loose significant amounts of 17β-estradiol during runoff events. However, these results should be interpreted cautiously, as they are preliminary. At the time of this writing, a second manure application has taken place, and we are currently collecting and analyzing samples from subsequent runoff events.
Average runoff 17β-estradiol concentrations are summarized in Table 2 . For Event #1, the 17β-estradiol concentration in runoff from N-based plots was statistically significantly greater than the concentration in the control plots and in the P-based plots, while the 17β-estradiol concentration in P-based runoff was not statistically significantly different from that in controls. In contrast, during Event #2, 17β-estradiol concentrations in N-and P-based runoff were both statistically significantly greater than in controls, although they were not statistically significantly different from one another. In subsequent events, 17β-estradiol concentrations in runoff were not statistically significantly different between any of the treatments. By the sixth runoff, 17β-estradiol levels were below detection limits (1.6 ng/L) on all plots. The results of Events #1 and #2 strongly suggest that manure application results in elevated 17β-estradiol concentrations in runoff, and that runoff concentration is related to application rate. The steady decline in 17β-estradiol concentration in runoff after Event #2 suggests that this compound persists only slightly in the field. Further work examining the concentration of estrone in runoff are underway to determine how much of the 17β-estradiol loss can be attributed to conversion to estrone; a process that we have observed in our lab, and that has been described by other investigators .
Conclusion
17β-estradiol concentrations in runoff from plots that historically received dairy manure, but which had not recently received manure, ranged from below detection threshold to 2.2 ng/L. In contrast, average 17β-estradiol concentrations in runoff from plots receiving manure at a rate sufficient to meet the N-requirement for winter wheat were as high as 41 ng/L; plots receiving manure at the P-rate had average runoff 17β-estradiol concentrations as high as 29 ng/L. Runoff concentrations from all plots decreased with time following application of manure. In this preliminary data set, runoff from both manure treatments (N-based and P-based) remained below the 100 ng/L level that we have taken to be biologically significant. However, estrone concentrations, which may have increased due to conversion of 17β-estradiol to estrone, were not measured, and may be biologically significant. Ongoing work in our lab is addressing this issue.
